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Abstract 



Branching ratios observed for D and B decays to final states ai(1260) ± X 
are comparable to those for corresponding decays to tt^X and p^X and much 
larger than those for all other decays. Implications are discussed of a "vector- 
dominance model" in which a W is produced and immediately turns into 
an axial vector, vector or pseudoscalar meson. Data for decays to all such 
final states are shown to have large branching ratios and satisfy universality 
relations. Upper limits on small strong phase differences between amplitudes 
relevant to CP violation models are obtained from analysis of the predicted 
and observed suppression of B° decays into neutral final states tt°X°, p°X° 
and a°X°. . Branching ratios of ~ 1% are predicted for the as yet unobserved 
presence of the D s i(2536) charmed-strange axial vector in B decays. 



I. A VECTOR-DOMINANCE MODEL FOR HEAVY-FLAVOR DECAYS 
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A. Systematics of quasi-two-body decays 



The large branching ratios observed [I[ for the appearance of the a 1 (1260) ± in all quasi- 
two-body decays D — > ai(1260) ± X and B — > ai(1260) ± X are comparable to those observed 
for n X and p ± X and contrast sharply with the much smaller branching ratios observed 
to 02X5 biX, and a\X. In the simple quark model the a\, (12 and b\ mesons are qq p- 
wave excitations which differ only in their spin and orbital angular momentum couplings. 
However their weak couplings are very different. The charged a\ couples to the weak axial 
vector current in the same way that the p couples to the vector current. The bi couples to 
a second-class axial vector current. The spin-2 tensor meson a 2 and the neutral a\ cannot 
couple directly to the W . 

The experimental systematics imply a crucial role for weak couplings in these dominant 
decay modes and suggest a description by a "vector-dominance" model like the diagram 
shown in fig. 1 for D° — > K~M + decays in which the initial hadron state i decays to a 
final state / by emitting a W ± which then hadronizes into a charged vector, axial-vector or 
pseudoscalar meson, denoted by M 

i -> / + W /± -> / + M ± (1.1) 
For the cabibbo-favored D and B decays the "vector-dominance" model gives: 

D(cq) -> (W + s)q -> [sq -> M(sq)] s ■ (W + -> M + ) w -> M(sq)M + (1.2) 

B{bq) -> (H/+c)g -> [(eg) -> M(cg)] 5 • (W + -> M+)vk -> M(cq)M + (1.3) 

where the subscripts S and W denote strong and weak form factors, g denotes w, d, s or 
c, M(sg)and M(qc) denote respectively mesons with the quark constituents sq and qc, the 
three charmed mesons D + , D° and D s which differ only by the flavor of the spectator quark 
are all treated on the same footing and similarly for the four B mesons B + , B°, B s and B c . 

The experimental branching ratios shown in Tables I and II suggest that quasitwobody 
D and B decays are dominated by the diagram in which a charged pseudoscalar, vector 
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or axial vector is produced from the weak vertex. No decays to the other p-wave mesons 
are within an order of magnitude of these values. Note in particular the difference between 
the ai and the All 24 decays of the form B —> DW + —> DM + , where M can denote 
ai, p, 7r, £ + ve, D s , D*, are dominant with branching ratios above 0.3%. Other £>-decay modes 
have upper limits in the 10" 4 ball park,. The absence with significant upper limits of neutral 
decays B° — > D°M° which are coupled by strong final state interactions to B° — > D~M + 
also places stringent limits on values of strong relative phases crucial in some models for CP 
violation. 

Some enhancement might be expected for color-favored decays also favored by factoriza- 
tion. But the absence of other equally-favored final states suggests something special about 
axial vectors. 

Underlying this systematics is a deeper theoretical problem where this phenomenology 
may provide interesting input; namely the dichotomy contradictions and interface between 
the chiral and constituent quark pictures, which remain to be hopefully resolved by QCD. 
The pion behaves sometimes like a Goldstone boson and sometimes like a qq pair just like 
the other eight pseudoscalars in the nonet, differing from the p only by spin couplings and 
scattering like 2/3 of a nucleon. The a\ behaves sometimes like the chiral partner of the 
p and sometimes like a qq pair with a completely different wave function from that of the 
p and differing from the b±, a 2 and the scalar only by spin and orbital angular momentum 
couplings. 

The constituent quark picture is used in the heavy quark effective theory for heavy flavor 
hadrons. The strange mesons are somehow in the middle being classified in the same flavor- 
SU(3) multiplets as the light mesons, but with SU(3) breaking by the quark mass difference 
introducing some heavy quark effects. The strange axial vector mesons present particularly 
interesting challenges. In this context the production of these hadrons in heavy flavor decays 
can provide interesting experimental input. 

Extending the systematics shown in Tables I and II to the charmed-strange sector sug- 
gests that the charmed-strange axial vector D s1 a should be the strongest excited charmed- 
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strange state seen in B decays, with a dominant D*K decay mode analogous a\ — > pir, The 
question remains open whether B — > D s i A X decays indeed have branching ratios in the 1% 
ball park while others are around 10~ 4 . The only candidate listed is _D s i(2536) and no upper 
limit has been reported for 

B q (bq) -> (W + c)q -> (cq)D slA -> M(cq)D slA -> M(cq)D*K (1.4) 



B. Universality of vector dominance couplings 

For all decays of the form fll.lp in which the W emitted in the transition i — > / + W 
decays to an aj, p or 7r, the couplings to these three states should be universal. Thus 



R(ifTT) 



BR[i -> /tt+] 



7T 



;i.5) 



fl(i/a) = 



BR[i -> /ai(1260)" 



(1.6) 



- /p+] 

for all states i and / with corrections for phase space. For six decays where data are available, 
the prediction (|1.5|) gives 

R{D + K°ir) « R(D°K~tt) » R(B°D~-k) « R{B°D*--k) « R{B + D%) « R(B + D*°n) (1.7) 
.44 ± .17 » .35 ± .09 « .38 ± .08 « .41 ± .20 « .40 ± .06 « .30 ± .07 (1.8) 



The prediction (|1.6| ) gives 



R(D + K°a) « R(D°K~a) » R(B°D~a) « R(B°D*'a) « R(B + D°a) « R(B + D*°a) (1.9) 



1.2 ± .5 sa .68 ± .12 sa .8 ± .4 ss 1.9 ± 1.0 « .37 ± .30 ss 1.2 ± .4 



;i.io) 



This impressive agreement for such widely different decays suggests further investigation. 
Obvious other cases to examine with this vector dominance approach are in r decays, 
where there are no final state interactions IfEfl, 



BR[t + ^tt + u] = 11.09 ±0.12 (1.11) 

Branching ratios for r — > aiz/ and r — > pz/ are not quoted in the tables ||T| nor in the 
extensive experimental investigations of these decays ||. 

C. Further Analysis of Charm Decays 

Most other decays not describable by vector dominance diagrams have much lower 
branching ratios. The D° and B° decays into two neutral mesons in the same isospin 
multiplets as the observed charged final states are coupled to the charged modes by final 
state interactions like charge exchange. Decays to p° and a° final states are observed to be 
suppressed, suggesting the absence of appreciable final state interactions. 

BR[D° -> jr o ai (1260) ] 1.9% 

BR[D° -> K- ai (1260)+] < 7.3 ± 1.1% { ' ' 

BR[D° -> K~p+] 10.8 ± 1.0% 



BR[D° -> K°p°] + BR[D° -> if°u;] 1.21 ± 0.17% + 2.1 ± 0.4% = 3.3 ± 0. 
BR[D° -> A^*(892)-p+] 6.1 ± 2.4% 



;i.l3) 



BR[D° -> #*(892)°p°] + Bi?[£> -> AT*(892)°u;] 1.47 ± 0.33% + 1.1 ± 0.5% = 2.6 ± 0.6% 

(1.14) 

In decays to neutral pion final states a similar suppression is observed for B decays but 
not in D decays, suggesting appreciable final-state charge-exchange scattering at the D mass 
but not at the B mass. 

BR[D° -> K-TT+) _ 3.85 ± 0.9% _ BR[D° is:*(892)-7r + ] _ 5.1 ± 0.6% 

Ei?^ -»• i?°7r°] ~ 2.12 ± 0.21%' BR[D° i?*(892)°7r°] ~ 3.2 ± 0.6% ' ' ° 

Strong form factors for final axial vector states are predicted to be suppressed with 
respect to those for pseudoscalars and vectors, because of the node in the axial vector wave 
functions. This is seen in two decays differing by these form factors, 

BR[D° -> (su -> K~)s ■ [W + -> af) w -> ir-a!(1260) + ] 7.3 ± 1.1% 



^[D -> [sm -> Kf] 5 • (W^+ -> ir+) w -> 71+^(1270)-] 1.06 ± 0. 



> 1 (1.16) 
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Equal branching ratios are predicted and observed for two decays differing only by the 
strong factors of the scalar if* (1430) and the axial i^i(1270) which have very similar 3 P 
wave functions. 

BR[D° -> jsu -> K-] s ■ (W+ -> tt+V -> 7r+^:(1430)-] = 1.04 ±0.26% _ 
RR[D°[aiZ -> Xr] s ■ (W+ -> 7T+V -> 7r+?fi(1270)-] 1.06 ± 0.29% ~ 1 ' ' 



Interesting predictions analogous to but opposite to ( 1.16|) arise for the doubly-cabibbo 
suppressed decays, 

BR[D° -» iir+a 1 (1260)-] BR[D+ -> if +ai(1260)°] 

BR(D"^ 7^(1270)+] < ' RR[£>+ -> 7^(1270)+] < ( ^ 

Here the axial i^i(1270) + is produced by a weak form factor; the axial ai(1260)~ must 
be produced by a strong form factor. Since the DCSD for the D° leads to the same final 
state as a cabibbo-favored decay for the D° and the two initial states are mixed, it may be 
difficult to check this prediction. On the other hand, a decay mode like 7r _ ifi(1270) + may 
be useful in studies of D° — D° mixing by observing decays with time dependence produced 
by the interference between Cabibbo-favored for one and DCSD amplitudes ]TD|. Here the 
form factor difference enhances the interference by enhanceing the doubly forbidden and 
suppressing the favored amplitudes. 

In D s decay this model predicts the large branching ratios observed to the final states 
p + rj, p + rj', 7c + r] and 7c + r]'. However, the large and unexplained rj'/r] ratio does not fit the 
production of both via their approximately equal ss components. The decays D s — > afrj, 
and D s — > afr]\ have not been reported, but the reported ratio 

BR[D S -> 4.9 ± 3.2% 

BR[D S p+rj\ ~ 10.8 ±3.1% ^' 19) 

suggests that the aft] might be present in the 7r + 7r + 7r + 7r~7r~7r° final state to the extent 
predicted by the vector-dominance picture. 



II. SYMMETRY CONSIDERATIONS 
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A. Relations from isospin invariance 



The strong form factors [sq — > M(sq)]s and [(eg) — > M(cq)]s both conserve isospin. 
Thus the partial widths of corresponding neutral and charged decays are equal in any model 
with the W completely separated from the transition in the hadron recoiling against the W. 

T[D + (cd) -> M(sd)°M(ud) + ] = T[D°(cu) -> M \suf M (ud) + ] (2.1) 
BR[B + (bu) -> M(cu)°M(ud) + ] « BR[B°(bd) -> M(ccO~M(ud) + ] (2.2) 

BR[B + {bu) -> M(cm)°M(cs)+] « BR[B°(bd) -> M(cd) _ M(cs) + ] (2.3) 

where T denotes the partial width of the given decay mode. Approximate equalities of 
branching ratios are obtained for the _B° and _B + decays where the ratio of the charged and 
neutral meson lifetimes is sufficiently close to unity. 

The relations ( |2.1| ) and ( |2.2| ) can be violated by final state interactions between the 
produced isovector meson and the other hadron. However the relations fl2.3p where the 
produced meson is isoscalar are exact consequences of isospin invariance. Thus comparing 
the experimental validity of these two types of transitions can provide insight on the strength 
of final state interactions. 

The results for the semileptonic and the charmed-strange decays satisfy the exact isospin 



relations ( |2.3j ) as expected, the ax decays satisfy with large errors the approximate isospin 



relations ( |2.1|) and ( |2.2|) which require the vector dominance diagram. Disagreements are 



shown for the p and tt decays. Reducing the experimental errors sharpen any such disagree- 
ments and shed light on the relative importance of different contributions. 

The charged and neutral final states of the B° and D° decays B° — > DM and D° — > KM 
are mixtures of the same isospin (1/2) and (3/2) amplitudes 0]. Failure to observe the 
neutral state places an upper limit on the strong phase difference between these amplitudes 
which constrains models of CP violation. To obtain a quantitative limit for the relative phase 
<f), we write the amplitudes in terms of their isospin (1/2) and (3/2) amplitudes, denoted 



respectively as A\ and A 3 , and set y/2 ■ A 3 — (1 + 5)e % ^ ■ A\ so that B° — ► /}°p° = when 
= 5 = 0. Then for the example of 5° — > Dp decays, 

A{B° -» gy) _ 72 ■ A 3 - Ai _ ^ (l + fl-e*-l 

£>",£>+) Ag + v^-^i 2 + (l + <J)-e** l ' J 

Since the isospin couplings are the same for all the related decays of the neutral B and 

D mesons into their charged and neutral decay modes, this relation gives a value for the 

relative strong phase between the two isospin amplitudes for all cases where the neutral 

mode is appreciably suppressed. 

6 l-5 ~ 
3 ' T+5 

(2.5) 

In the case above the experimental the upper limit |l] for the right hand side of eq.( [2.5|) is 
0.06. Better upper limits on these neutral decays can provide better upper limits on strong 
phases. 



■ 20^-20, 25 2 9 BR{B° -> D°p°) 

in — \ sin — ~r = — ■ — — . 1 . 

2~ 2 9(1 + 5) 8 BR(B° -> D°p°) + BR(B° -> D~p+) 



B. Axial vector meson doublets and mixing 

The observed appreciable weak decay r— > W + v — > ai+v indicates an appreciable 
weak form factor for the a\. The weak form factor for the b\ is expected to be zero because 
it would be produced by a second-class current. Experiment seems to confirm that 

BR[D° ^ K-b^U^Y] 

BR[D° -> lf-Oi(1260)+] ~ 1 J 

But better upper limits on decays to the &i(1235) + are of interest. 

The simple quark model describes the a\ and b\ states as p-wave excitations in L — S 
coupling with the two quark spins coupled to spin S = 1 or S = and then to the orbital 
angular momentum L=l to make two axial states, a scalar and a tensor. These states are 
also the eigenstates of SU(3) flavor symmetry and G-parity. 

The 3 Pi and 1 P\ us and su states in the same SU(3) octets respectively as the a\ and b\, 
often denoted as Ka and Kb, are not mass eigenstates but are mixed by flavor symmetry 
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breaking due to the u — s quark mass differences. One suggested mechanism for K A — Kb 
mixing breaks flavor symmetry by the mass difference between the K*7T and Kp propagators 
in the loop diagrams 

K A <-> K*tv «-> K B ; Ka <-> Kp <-> A" B (2.7) 

Another follows the heavy-quark-symmetry approach of neglecting the spin-dependent in- 
teraction of the heavier quark j7|. The spin of the light quark is coupled with the orbital 
angular momentum L=l to make states with j=l/2 and j=3/2. These then couple to the 
heavy quark spin 1/2 to make four states as two doublets, rather than a triplet and a singlet 

In the SU(3) symmetry limit the two loop diagrams ( |2.7|) exactly cancel and the states 
Ka and Kb remain exact mass eigenstates. If these loops are the dominant symmetry 
breakers, a 45° mixing angle results with one of the mass eigenstates decoupled from the 
K*tt mode and the other decoupled from Kp @||. The heavy-quark-symmetry j=l/2 state 
decays to the S-wave K*tt and Kp; the j=3/2 state to the D-wave. Thus loop diagrams like 
fl2.7|) do not connect these two states. 

A new complication arises from the newly reported || a^im) and k(Ktc) scalar resonances 
with a a mass and width of 478 ± 24 ± 17 MeV/c 2 and 342 ± 42 ± 21 MeV/c 2 and a k mass 
and width of 815 ± 30 MeV/c 2 and 560 ± 116 MeV/c 2 . A ttk -> nnK and a crif -> Trvrir 
would show up in the vrvri^ Dalitz plot as an apparent nonresonant background with the 7T.K" 
or the 7T7T system in an S-wave. 

Differences in the way the i^i(1400) + and i^i(1270) + appear in heavy flavor decays can 
give information on the mixing angles. In particular, all diagrams producing the strange 
axial vector meson via the coupling to the W should produce the two states in the same 
ratio as in r decay, and give a value for the mixing angle. These arise in Cabibbo forbidden 
decays via the forbidden W —>■ Ka vertex, where it is assumed that the Ka and Kb are 

coupled respectively like the a\ and hi to weak first and second class currrents. For example, 

BR[D(cq) -> (W + s)q -> {sq)K\ -> M(sg)^i(1400) + ] _ BR[r + -> (W + v) -> vK\ -> ^(1400)+] 
BR[D(cq) -»• (sg)AT^ -»• M(sg) J fsT 1 (1270)+] ~ 5i2[r+ -»• -»• ^ -»• ^(1270)+] 

(2.8) 
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However we note that in the charged decays it is the i^i(1400) + that is seen at approxi- 
mately the same level as the -fT*(1430) + while the i^i(1270) + is not seen and its upper limit 
7 x 10~3 is down by almost an order of magnitude. 

BR[D + -»■ 7r + ^i(1400)°] = 4.9 ± 1.2% « BR[D + -> n + K*(U30)°] = 3.7 ± 0.4% (2.9) 

Differences in the way the two axial vector states _ffi(1400) + and i^i(1270) + appear in heavy 
flavor decays; e.g. one appearing in charged D decays and the other in neutrals may provide 
interesting information about the structures and mixing of these states. 

The two charmed-strange axial vector meson states, denoted as D slA and D s ib are 
expected to be strongly mixed by the large c—s mass difference. So far only the one charmed- 
strange axial vector state _D s i(2536) is listed fl[] and little is known about its properties. The 
loop-diagram-mixing diagrams are: 

D slA D*K <-> D slB ; D slA <-> K*D <-> D slB (2.10) 

However, the masses of the particles in the intermediate states show that the _D s i(2536) can 
decay into D*K but not into K*D. If the loop diagram (|2.10|) dominates the mixing the 
resulting mass eigenstates can have one state completely decoupled from the D*K mode. 

M(K) « 490MeV; M{K*) w 895MeV; M(D) w 1870Me\/; M(D*) w 2010MeF, 

M(K) + M(D*) w 2500Me1/; M(K*) + M(D) w 2765Me\/ 

But there is now the possibility of a Dk — > DKit final state which would show up in the 
DKtt Dalitz plot as an apparent nonresonant background with the Kir system in an S-wave. 

III. ADDITIONAL DECAYS DESCRIBED BY VECTOR DOMINANCE 

A. Cabibbo-suppressed decays 

Diagrams including the Cabibbo-suppressed W-decay and W-production vertices, W + — > 
us and c — > W + d describe the singly-Cabibbo-suppressed charm decays, 

D(cq) -> (W + s)q -> [sg -> Af(sg)] fl ■ (H^ + -> K + ) w -> M(sq)K + (3.1) 
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D{cq) -> (W + d)q -> [dg -> M(dg)] s • (T^ + -> M+) w -> M{dq)M + (3.2) 

where A" + also denotes any strange resonance; e.g. A"*(892) + and K\. The doubly- Cabibbo- 
suppressed c — ► iy + <i — > (its)rf can also produce the following "vector-dominance" diagrams 
for doubly-cabibbo-suppressed decays: 

D(cq) -> -> [dg -> M(dg)]s • -> if+V -> M(dq)K + (3.3) 

In a mixed D° — Z)° state the doubly-forbidden D° — > n^K\ interferes with the cabibbo- 
favored D° — > 7r _ i^^. But the K\ in the favored decay is created by a combination of 
the strange antiquark from the weak vertex and the spectator u quark. This amplitude is 
expected to be suppressed because it involves a hadronic form factor overlap between the 
inital nodeless wavefunction and the p-wave, while the doubly-forbidden amplitude has the 
enhanced W — > A vertex. The two interfering amplitudes may therefore be more nearly 
equal than in the Kit case discussed in ref. P]T0|j. The decays to the n~K\ final state may 
be particularly advantageous for studies of this interference and measurement of the relative 
strong phase [JTTJ. 

B. Vector-Dominance Decays of the B c 

The B c meson is identified against a large combinatorial background by decay modes 
including a J /if). Vector dominance decay modes including the J/ip are expected to have 
relatively large branching ratios. These include: J/ipp + , J/ipaf, J/ipn + , J/tpD*, J/i/jD s ia, 
and J/ipD s . The corresponding modes with a ip f instead of a J/if> are expected to have 
comparable branching ratios. 
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TABLE I 

Branching Ratios for D Decays into Vector Dominance Modes 





D° Decay 

-I — ' -IS U U U' (J 


D Decay 


D° Decay 


D Decay 


M + 


BR(K~M + ) 


BR(K°M + ) 


BR(K*~ M + ) 


BR(K*°M + ) 


CL\ ^IZOU ) 


7 o J. 1 10/ 
i .6 ± l.l/o 


c n -U i 70/ 
o.U ±i.i/o 






a 2 (1320) + 


< 0.3% 


< 0.2% 






P + 


10.8 ± 1.0% 


6.6 ±2.5% 


6.1 ±2.4% 


2.1 ± 1.3% 


7T + 


3.85 ± 0.9% 


2.89 ± 0.26% 


5.0 ± 0.4% 


1.90 ±0.19% 


e+z/ e 


3.66 ±0.18% 


6.7 ±0.9% 


2.02 ± 0.33% 


4.8 ± 0.5% 




3.23 ±0.17% 


7.0 ± 3.0% 




4.4 ± 0.6% 






TABLE II 




Branching Ratios for B Decays into Vector Dominance Modes 




B°Decay 


B + Decay 


B°Decay 


B + Decay 


M+ 


BR(D~ M + ) 


BR(D°M+) 


BR(D*~M+) 


BR(D*°M+) 


a!(1260)+ 


0.60 ± 0.33% 


0.5 ± 0.4% 


1.30 ±0.27% 


1.9 ±0.5% 


P+ 


0.79 ±0.14% 


1.34 ±0.18% 


0.68 ± 0.34% 


1.55 ±0.31% 


7T+ 


0.3 ± 0.04% 


0.53 ± 0.05% 


0.276 ±0.021% 


0.46 ± 0.04% 




2.10 ±0.19% 


2.15 ±0.22% 


4.60 ± 0.27% 


5.3 ± 0.8% 


D s 


0.8 ± 0.3% 


1.3 ± 0.4% 


0.96 ± 0.34% 


1.2 ±0.5% 


D* s 


1.0 ±0.5% 


0.9 ± 0.4% 


2.0 ± 0.7% 


2.7 ± 1.0% 
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FIGURES 




FIG. 1. 

Weak vector dominance diagram. 
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